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Human lysozyme is a well-characterized glycosidase
that was ﬁrst identiﬁed in 1922 by Alexander Fleming
and normally functions as an antibacterial agent [1].
Since its discovery, the structure, folding and mechan-
ism of action of the c-type lysozymes, which include
the human form, have been studied extensively using a
wide variety of techniques [2–14]. In the early 1990s,
Pepys and co-workers reported that mutational vari-
ants of human lysozyme are associated with a heredit-
ary non-neuropathic systemic amyloidosis [15]. This
rare autosomal-dominant disease involves ﬁbrillar
deposits found to accumulate in a wide range of tissues
including the liver, spleen and kidneys [15,16]. When
samples of the ex vivo amyloid deposits from patients
carrying the I56T or D67H mutation were analysed,
the ﬁbrils were found to contain only the full-length
variants of lysozyme [15,17]. More recently, the occur-
rence of another natural variant of lysozyme with the
T70N mutation has been reported [18,19]. The T70N
mutation does not appear to cause amyloidosis, but
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We report the secreted expression by Pichia pastoris of two human lyso-
zyme variants F57I and W64R, associated with systemic amyloid disease,
and describe their characterization by biophysical methods. Both variants
have a substantially decreased thermostability compared with wild-type
human lysozyme, a ﬁnding that suggests an explanation for their increased
propensity to form ﬁbrillar aggregates and generate disease. The secreted
yields of the F57I and W64R variants from P. pastoris are 200- and 30-fold
lower, respectively, than that of wild-type human lysozyme. More compre-
hensive analysis of the secretion levels of 10 lysozyme variants shows that
the low yields of these secreted proteins, under controlled conditions, can
be directly correlated with a reduction in the thermostability of their native
states. Analysis of mRNA levels in this selection of variants suggests that
the lower levels of secretion are due to post-transcriptional processes, and
that the reduction in secreted protein is a result of degradation of partially
folded or misfolded protein via the yeast quality control system. Import-
antly, our results show that the human disease-associated mutations do not
have levels of expression that are out of line with destabilizing mutations
at other sites. These ﬁndings indicate that a complex interplay between
reduced native-state stability, lower secretion levels, and protein aggrega-
tion propensity inﬂuences the types of mutation that give rise to familial
forms of amyloid disease.
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has an allele frequency of 5% in the British popula-
tion, and has been identiﬁed in 12% of the white
Canadian population [18,19].
Recombinant I56T, D67H and T70N lysozymes
have been successfully expressed in a number of sys-
tems including baculovirus, Saccharomyces cerevisiae,
Pichia pastoris and Aspergillus niger, enabling detailed
studies of their folding and aggregation properties to
be investigated [8,9,13,17,20,21]. The wild-type (WT)
protein, in its native state, consists of an a- and a
b-domain with four disulﬁde bonds (Fig. 1) [2,22]. All
three variants have been found to have native-state
structures that are similar to WT lysozyme and all pos-
sess enzymatic activity [8,17,20,21]. In vitro studies of
the I56T and D67H variants have suggested that amy-
loid formation arises from a reduction in native-state
stability and co-operativity relative to the WT protein
[12,13,15,17,23]. An effectively identical, partially
unfolded species which closely resembles the dominant
intermediate populated during the refolding of the WT
protein, has been found to be transiently populated
under physiologically relevant conditions for both the
I56T and D67H lysozyme [4,13,23]. In this intermedi-
ate, the region of the protein in the native state that
forms the b-domain and the adjacent C-helix is simul-
taneously unfolded, whereas the regions that form heli-
ces A, B and D in the remainder of the a-domain
maintain native-like structure. On this evidence it has
been suggested that this transient, locally co-operative
unfolding process is a crucial step in the events that
lead to aggregation and amyloid ﬁbril formation
[12,13,23]. In the case of T70N, although the stability
of the native state is lower than that of the WT pro-
tein, the transient and partially unfolded intermediate
is not detectable in vitro under physiologically relevant
conditions; however, it can be detected in both the
T70N lysozyme and the WT protein under more desta-
bilizing conditions [21].
Within the last ﬁve years, two novel variants of
human lysozyme, F57I and W64R, have been identi-
ﬁed by the detection of heterozygous, single-base
mutations in the lysozyme gene of patients suffering
from hereditary renal amyloidosis [19,24]. Amyloid
deposits in patients carrying the W64R mutation were
positively identiﬁed by a polyclonal lysozyme antibody;
although the protein itself was not detected in the
urine or plasma of these patients [24]. In the case of
the F57I variant, amyloid deposits were present in
patients possessing the F57I genetic mutation and in
one case a second heterozygotic mutation was identi-
ﬁed showing the presence of both the F57I and T70N
mutations [19]. The discovery of two more naturally
occurring lysozyme variants connected to amyloidosis
is of major importance in the general context of the
amyloid diseases, as it provides further information
from which to develop a detailed understanding of
why particular mutations lead to disease. More speci-
ﬁcally, in vitro studies of these new variants will
undoubtedly enhance our understanding of the com-
mon structural and biophysical attributes of variant
lysozymes associated with disease.
We report here expression of the F57I and W64R
lysozyme variants in P. pastoris. These two naturally
occurring lysozyme variants display native-state ther-
mostabilities that are reduced to a similar degree as that
of the well-characterized I56T and D67H amyloido-
genic variants, relative to WT protein. The secreted
expression levels of all four amyloidogenic variants in
P. pastoris are substantially compromised relative to
WT lysozyme. To understand the factors that may con-
tribute to this decrease in secreted yield, we investigated
the secretion levels of a range of additional non-natural
lysozyme variants that have previously been shown to
maintain native overall structures, but to have varying
native thermostabilities [10,25–29]. From this study, we
demonstrate a clear relationship between the levels of
protein secreted from P. pastoris and the native-state
thermostability of the lysozyme variants, a ﬁnding that
has implications for the onset and severity of amyloid
















Fig. 1. Structure of human wild-type lysozyme and location of the
mutations discussed in this study. The locations of the single-point
mutations are shown on the structure of human wild-type lyso-
zyme, defined by X-ray diffraction (PDB entry 1JSF). Known amy-
loidogenic mutations are shown in red, and the nonamyloidogenic,
naturally occurring T70N mutant is shown in blue. All other muta-
tions, which are not known to be naturally occurring, are shown in
black a-helices in the a-domain are labelled A–D, along with 310
helices. The four disulfide bridges are shown as red lines. The
structure was produced by using MOLMOL [48].
Native stability and lysozyme secretion levels J. R. Kumita et al.
712 FEBS Journal 273 (2006) 711–720 ª 2006 The Authors Journal compilation ª 2006 FEBS
Results
Secreted expression of the recently discovered F57I
and W64R lysozyme variants from P. pastoris resulted
in yields of 0.04 and 0.3 mgÆL)1, respectively, based
on UV–visible (UV-vis) spectroscopy; under similar
expression conditions, WT lysozyme yielded
8.3 mgÆL)1. The yields of the F57I and W64R variants
were therefore lower, by factors of 200 and 30, respect-
ively, relative to that of WT human lysozyme in these
experiments. Under the same conditions, the I56T and
D67H variants, both of which have been studied in
detail previously were also secreted at low levels
(0.3 mgÆmL)1), some 30 times less than that of WT
lysozyme. To investigate the reason for these low
expression levels, the secretion of a number of lyso-
zyme variants that had been described previously
[10,25–29], including the naturally occurring ones,
I56T and T70N, was studied in more detail. As with
the naturally occurring variants, the additional vari-
ants studied here have single amino acid substitutions
in the b-domain or near the a ⁄b-domain interface as
shown in Fig. 1. The thermal denaturation behaviour
of these mutants was monitored by far-UV CD (Tm)
and by 8-anilino-1-naphthalene sulfonic acid (ANS)
ﬂuorescence emission (Tm ANS) and is shown in
Table 1. A small-scale expression assay was utilized to
compare quantitatively the levels of secreted protein
for each lysozyme variant. Standard curve for enzy-
matic activity determined at 25 C for each variant
from puriﬁed protein samples, to account for differ-
ences in activity resulting from the various mutations
(Table 2); the levels of activity were found to range
from 65 to 100%. Lysozyme activity in the superna-
tant of each culture was therefore determined at 25 C
and compared with individual standard curves for the
various proteins to determine the secreted yields. The
yield (mgÆL)1) was then divided by the OD600 of the
culture and normalized to the WT control, allowing a
comparison to be made between the levels of expres-
sion in the different experiments (Table 2). The results
show a clear relationship between the thermal stability
of each variant and the level of protein secreted to the
supernatant (Fig. 2A), such that small changes in the
Tm value can result in signiﬁcant changes in secretion
levels. To ensure that the lower levels of secretion were
not due to intracellular protein accumulation, western
blotting analysis was performed on cell lysates after
various times of induction for two proteins (WT and
W64R) and in both cases, no lysozyme was detected
(data not shown).
To ensure that this correlation reﬂects post-tran-
scriptional effects, and most likely changes in protein
secretion, the mRNA levels of each lysozyme variant
relative to the endogenous genetic reference b-actin,
were determined by reverse transcriptase PCR analysis
[30]. Comparison of the lysozyme-to-actin mRNA
ratios for all the variants studied is shown in Fig. 2B.
In all cases, the ratio lies in the range of 0.9–1.2, indi-
cating that there are no appreciable differences in
mRNA level for the different variants. This suggests
that the origin of the decreased levels of secretion for











I56T 67.6 ± 0.8 65.3 ± 0.9 63.9 ± 1.7
I56V 75.8 ± 0.7 75.8 ± 0.7 –
F57I – – 60.4 ± 1.1
I59T 71.2 ± 0.4 70.1 ± 1.3 –
W64R – – 61.7 ± 1.0
D67Hc 68.0 ± 1.0 66.0 ± 2.0 –
T70A 73.0 ± 0.7 73.1 ± 1.2 –
T70N 74.0 ± 0.6 74.8 ± 1.0 72.2 ± 0.9
V74I 78.3 ± 0.7 81.1 ± 2.0 –
S80A 77.9 ± 0.6 80.4 ± 1.9 –
I89V 75.9 ± 0.4 76.8 ± 1.0 –
V93A 76.1 ± 0.4 77.3 ± 1.2 –
WT 77.7 ± 0.5 79.2 ± 1.4 79.8 ± 1.2
a Analysis was performed on 2.0 lM protein, 0.1 M sodium citrate
(pH 5.0) and 360 lM ANS. b Analysis was performed on 1.5 lM pro-
tein, 50 mM potassium phosphate (pH 6.0), 0.5 M NaCl, 360 lM
ANS. These conditions were used to help alleviate aggregation of
the F57I and W64R variants. c Previously reported values [13].











I56T 0.02 ± 0.01 0.3 ± 0.1 100d
I56V 0.65 ± 0.09 7.7 ± 1.0 100
F57I – 0.04 ± 0.03 –
I59T 0.09 ± 0.04 1.1 ± 0.4 64
W64R – 0.3 ± 0.1 –
T70A 0.12 ± 0.04 1.4 ± 0.8 70
T70N 0.20 ± 0.06 3.0 ± 0.8 70
V74I 1.11 ± 0.18 12.0 ± 2.0 95
S80A 1.06 ± 0.15 10.0 ± 2.0 85
I89V 0.81 ± 0.14 8.2 ± 1.0 85
V93A 0.57 ± 0.17 8.1 ± 0.8 95
WT 1.0 8.3 ± 1.1 100
a Values reported are the yield per OD600 of 1.0 for each variant rel-
ative to the yield of WT per OD600 of 1.0.
b Performed in shaker
flasks (in duplicate). c Per cent error of 10–25% based on three
individual experiments for a protein concentration range of
0.2–0.9 mgÆL)1 at 25 C, pH 7.0. d Previously reported activity [17].
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the less stable proteins is a result of degradation of
partially folded or misfolded proteins by the quality
control system during secretion. In light of the correla-
tion between secreted protein levels and native-state
thermostability, the lower secretion level of the
amyloidogenic variant I56T can be seen to be consis-
tent with its lower native-state stability and this sug-
gests that the recently identiﬁed F57I and W64R
variants may also be destabilized to a similar extent.
Of particular interest from the point of view of amy-
loid disease is the characterization of the two new
mutational variants associated with clinical disease.
Analysis of both the F57I and W64R variants, detec-
ted by SDS ⁄PAGE analysis after ion-exchange puriﬁ-
cation, revealed a band at  14 kDa. ESI-MS analysis
of the products showed that the samples all contain
proteins with the masses anticipated for each variant
(Fig. 3). Lysozyme activity, identiﬁed by the lysis of
Micrococcus lysodeikticus cells, was detectable for both
variants suggesting that the overall structure of the
folded proteins is unlikely to differ signiﬁcantly from
that of the WT protein. The formation of a signiﬁcant
amount of one or more partially unfolded intermedi-
ates upon thermal unfolding has been well established
for both the I56T and D67H amyloidogenic variants
of lysozyme by monitoring changes in ANS ﬂuores-
cence with increased temperature [13,17]. The origin of
such changes is the presence of solvent-exposed hydro-
phobic clusters or surfaces resulting in a considerable
increase in ANS ﬂuorescence emission intensity, which
is normally quenched in aqueous environments [31].
Moreover, in these two variants, the maximal ANS
ﬂuorescence intensity has been found to correspond
closely with the midpoint of thermal denaturation (Tm)
as determined by far-UV CD [13,17]. In accordance
with these ﬁndings, for each of the variants analysed
in this study the temperature of maximal ANS emis-
sion (Tm ANS) corresponds, within the bounds of
experimental error, to the Tm determined by CD ana-
lysis at pH 5.0 (Table 1). Because of the low protein
concentrations of F57I and W64R, measurement of
the ANS ﬂuorescence emission intensity was used to
detect the presence of partially unfolded intermediates
as well as to determine the thermostabilities of the
native states of these variants (Fig. 4).
As the F57I and W64R variants had a marked ten-
dency to aggregate, conditions were explored in order
to overcome this problem, and the presence of 0.5 m
NaCl was found to be optimal in helping to reduce the
rate of aggregation. Using samples containing NaCl
enabled reproducible spectroscopic analysis to be per-
formed on samples immediately after puriﬁcation
(pH 6.0, 0.5 m NaCl) without the need for a dialysis
step. For both these variants, signiﬁcant ANS ﬂuo-
rescence was observed indicating that, like I56T and
D67H, both variants populate partially unfolded
species with increased exposure of their hydrophobic































































Fig. 2. Comparison of protein secretion levels and native-state sta-
bility. (A) Native-state stability, as measured by the mid-point tem-
perature of unfolding (Tm) of each lysozyme variant (including WT
protein), was plotted against the secretion level of each variant in
P. pastoris (concentration ⁄OD600) (see Table 1 for values). The
variants are I56T (d), I59T (s), T70A ( ), T70N (e), I56V (.), I89V
(n), V93A ( ), WT (,), S80A (r) and V74I (h). Values of protein
expression are relative to cell density for each sample and have
been normalized with respect to WT lysozyme (where WT expres-
sion ⁄OD600 ¼ 1.0). All points represent an average of 5–10 individ-
ual experiments. (B) Comparison of the relative mRNA levels for
the lysozyme variants. RT-PCR was performed for the P. pastoris
transformants of all the lysozyme variants. PCR levels of cDNA for
each variant and its corresponding endogenous b-actin gene were
analysed. The densities of the PCR products were determined,
enabling the ratios of lysozyme to actin mRNA to be calculated.
Comparison of the relative levels of mRNA indicates that no signifi-
cant differences exist between the various transformants.
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values for F57I and W64R, are 60.4 ± 1.1 and
61.7 ± 1.0 C, respectively, and compare well with that
of I56T under identical conditions (63.9 ± 1.7 C)
(Table 1); by contrast, the Tm ANS of WT lysozyme is
79.8 ± 1.2 C, a value which is in agreement with
previous measurements. As with the previously studied
amyloidogenic variants, I56T and D67H, the F57I and
W64R variants clearly populate partially folded inter-
mediates upon thermal denaturation, and the values of
the midpoints of thermal denaturation are signiﬁcantly
lower than for the WT protein.
Discussion
The methylotropic yeast, P. pastoris, is an attractive
expression system for our purposes because of the ease
of its genetic manipulation [32] and the possibilities of
using it to investigate the in vivo trafﬁcking of amy-
loidogenic lysozyme variants in a manner similar to
that described recently for a-synuclein by Outeiro &
Lindquist [33]. In this study, we found that the secre-
ted levels in P. pastoris of F57I and W64R, as well as
of the I56T and D67H variants, are greatly reduced
by comparison with that of the WT lysozyme. The ini-
tial spectroscopic investigations show that both F57I
and W64R are destabilized to a remarkably similar
degree to each other as well as to the well-character-
ized variants, I56T and D67H, i.e. with Tm ANS values
lower by  18 ± 2 C than that of the WT protein.
Moreover, examination of the location of the naturally
occurring mutations in the native structure of lyso-
zyme shows that the I56T and F57I mutations lie at
the interface between the a- and b-domains. In addi-
tion, the D67H mutation, although located in the long
loop of the b-domain (where W64R is also located),
disrupts a series of hydrogen bonds resulting in signiﬁ-
cant structural perturbations in the vicinity of the a ⁄b
interface [17]. The T70N mutation also lies in the long
loop of the b-domain and structural analysis shows
that the native structure of this variant is perturbed so
as to lie intermediate between the D67H variant and
WT protein [21]; however, T70N does not result in as
signiﬁcant a reduction in native stability as the other
variants (only  4 C less stable than WT) [21], and
interestingly, has not been found in amyloidogenic
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Fig. 3. Characterization of F57I and W64R
lysozyme variants. The expression of the
correct, full-length mutational variants was
confirmed by SDS ⁄PAGE (lane 1, standard
protein markers; lane 2, lysozyme samples)
and ESI-MS analyses for (A) F57I and (B)
W64R. The ESI-MS samples were  10 lM
in 1 : 1 water ⁄ acetonitrile with 2% acetic
acid.
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strongly support the idea that the disruption of the
interface region is of great importance in the process
which leads to ﬁbril formation [12,13,23]. In addition
to these ﬁndings, by systematically investigating the
secreted levels of a larger number of lysozyme vari-
ants, a highly signiﬁcant correlation has been identiﬁed
between the level of secreted protein and the thermo-
stability of the native state of the protein (Fig. 2A).
This correlation shows that even small changes in the
protein native stability can have a dramatic effect on
the amount of secreted protein in the medium. Also,
the relationship between native-state thermostability
and secretion levels, shown in the set of variants ana-
lysed in this study, can by itself account for the relat-
ively low expression levels of the amyloidogenic
variants in this system. Importantly, our result shows
that human disease-associated mutations in this study
do not have levels of expression that are out of line
with destabilizing mutations at other sites. Positive
correlations between thermostability and protein
expression have also been found in S. cerevisiae for
mutants of bovine pancreatic trypsin inhibitor (BPTI)
[34], insulin [35], hen egg white lysozyme [36], and
single-chain T-cell receptor [37]. It has been previously
shown that a maximal plateau in expression level is
reached as the thermostability increases for mutants of
BPTI [34]. If this were to hold true for human lyso-
zyme, a sigmoidal relationship between thermal stability
and secretion would be observed, although experimental
conﬁrmation of this prediction will require the discovery
of variants with higher native stabilities than even the
V74I and S80A lysozymes (see Fig. 2A).
Despite the clear correlation observed here between
native-state thermostability and secretion levels in
P. pastoris and S. cerevisiae, reports in the literature
suggest that there could be exceptions to such a rela-
tionship. The EAEA-lysozyme and C77 ⁄ 95A variants
of human lysozyme, for example, have been shown to
be thermally destabilized with respect to WT protein,
although, this does not appear to have a detrimental
effect on protein expression in yeast [38,39]. Investiga-
tions of the effect of thermostability on protein secre-
tion and aggregation have also been performed in other
organisms including Escherichia coli, and in mamma-
lian cells [40–42]. In some instances, a relationship
between native-state stability and aggregation has been
seen [40], whereas in others, straightforward correla-
tions were not observed and other factors were found
to contribute to a relationship [41,42]. Interestingly, in
the EAEA-lysozyme and C77 ⁄ 95A variants, the modiﬁ-
cations are not just single-point mutations, but include
the incorporation of additional residues at the N-termi-
nus and the removal of a disulﬁde bond. These ﬁndings
suggest that the nature and location of the destabilizing
mutations and factors such as the presence or absence
of disulﬁde bonds may play an important role in the
secretion efﬁciency. Moreover, from this study it is evi-
dent that the native states of all four of the mutational
variants of human lysozyme that are known to be
linked with disease are destabilized to a remarkably
similar extent, and all have dramatically decreased
secretion efﬁciency in P. pastoris. In light of this ﬁnding
it appears that circumstances in which the balance
between secretion levels, native-state stability and
aggregation tendencies combine to result in signiﬁcant
levels of aggregation in vivo could be relatively limited.
Such a conclusion would explain why familial forms of
amyloid disease are relatively rare, despite the fact that
in vitro many proteins are able to convert into the types
of aggregate associated with pathogenic behaviour.
Experimental procedures
All restriction enzymes were purchased from New England
Biolabs Ltd. (Hitchin, UK). PfuTurbo DNA polymerase
was purchased from Stratagene Europe (Amsterdam, the
Netherlands). Synthetic oligonucleotides were purchased
from Operon (Cologne, Germany). All chemicals were






























Fig. 4. Thermal denaturation of F57I and W64R variants in the pres-
ence of ANS. ANS fluorescence emission during thermal denatura-
tion of I56T (,), WT (n), F57I (s) and W64R (h). Solid lines
indicate fitted curves. All samples were performed in duplicate with
1.5 lM protein, 50 mM potassium phosphate buffer (pH 6.0), 0.5 M
NaCl, and 360 lM ANS.
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Plasmids and strains
E. coli DH5a cells (Invitrogen, Paisley, UK) were used for
the propagation of plasmids and P. pastoris GS115 (Invitro-
gen) was used as a host strain for lysozyme expression.
A pPIC9-based plasmid containing the cDNA sequence
encoding mature WT human lysozyme was constructed
according to the supplier’s instructions (Invitrogen). In order
to direct the expressed protein into the secretory pathway,
the cDNA sequence was fused with the methanol-inducible
5¢-AOX1 promoter, the sequence encoding the a-factor
secretion signal [43,44], and the 3¢-AOX transcriptional
terminator. The amino acids that constitute the Kex2 pro-
cessing site were included in the sequence to facilitate proteo-
lytic processing during secretion. Site-directed mutagenesis
was performed on pPIC9 containing the WT human lyso-
zyme gene using the QuikChange Site-Directed Mutagenesis
protocol (Stratagene Europe). All mutations were conﬁrmed
by DNA sequencing, performed at the Sequencing Facility in
the Department of Biochemistry at Cambridge University.
Transformation of P. pastoris
The pPIC9 plasmid containing the lysozyme gene was linea-
rized by StuI digestion followed by butanol precipitation.
Transformation of P. pastoris was performed with a Bio-
Rad MicroPulser electroporation apparatus, following the
manufacturer’s instructions (Bio-Rad, Hemel Hempsted,
UK). The transformed cells were grown on RD media
plates [1 m sorbitol, 2% dextrose, 1.34% yeast nitrogen
base (YNB), 4.0 · 10)5% biotin] for 48–72 h at 30 C.
Ninety-six colonies of each variant were screened for lyso-
zyme activity. Single colonies were used to inoculate 1 mL
YPD medium (1% yeast extract, 2% peptone, 2% dextrose)
in 24-well plates. The cells were incubated at 30 C for
18 h, 1 mL YPD was added and the incubation was contin-
ued for 48 h. The plates were then centrifuged (3500 g,
10 min, 4 C) and the supernatant removed. The cells were
resuspended in buffered methanol medium (BMM; 100 mm
potassium phosphate pH 6.0, 1.34% YNB, 4.0 · 10)5%
biotin, 0.5% methanol) to induce lysozyme expression.
Methanol (0.5% v ⁄ v) was replenished every 12 h until
expression was terminated at 72 h. The plates were centri-
fuged (3500 g, 10 min, 4 C) and the supernatant was ana-
lysed for lysozyme activity by monitoring the lysis of the
cell walls of M. lysodeikticus (Sigma-Aldrich) in 96-well
microplates [45]. For each variant, colonies which displayed
the greatest lysozyme activity in the supernatant were used
for larger scale expression.
Secreted expression of lysozyme variants
Pre-cultures (6 mL) were started in buffered glycerol med-
ium (BMG; 100 mm potassium phosphate pH 6.0, 1.34%
YNB, 4 · 10)5% biotin, 1% glycerol) for each lysozyme
variant. These cultures were incubated for 36 h (30 C,
230 r.p.m.), and a 1 : 100 dilution was made into 400 mL
BMG and incubated for 24 h (30 C, 230 r.p.m.). The
BMG cultures (200 mL) were centrifuged (5000 g, 4 C,
10 min) and the supernatants discarded. The yeast pellets
were resuspended in BMM to induce protein expression
and induction was performed for 72 h (30 C, 230 r.p.m.)
with 0.5% methanol being replenished every 12–24 h. After
induction, the cultures were centrifuged (9000 g, 4 C,
10 min), and the pellets discarded. The supernatant was
then centrifuged a second time (9000 g, 4 C, 10 min) and
ﬁltered. Puriﬁcation of lysozyme from the supernatant was
performed on a HS20 cation-exchange POROS column
(Applied Biosystems, Warrington, UK) on a BioCAD 700E
system (Applied Biosystems). Lysozyme was eluted at
55 mS by a linear NaCl gradient. The protein peaks were
analysed by SDS ⁄PAGE and the relevant fractions were
dialysed against water for between 48 and 72 h and then
lyophilized. The purity of the proteins was conﬁrmed by
SDS ⁄PAGE and molecular masses were determined by
ESI-MS. Spectra were acquired over a range of 500–
5000 Da on an LCT MS (Waters Ltd, Elstree, UK)
equipped with a nanoﬂow Z-spray source and calibrated
using CsI (15 lm). Data were analysed using masslynx 3.4
(Waters Ltd) with molecular masses calculated from the
centroid values of at least three charge states. All mass
spectra are presented as raw data with minimal smoothing
and without resolution enhancement.
Small-scale expression assay for lysozyme
variants
To compensate for ﬂuctuations in day-to-day conditions,
small-scale expression of all the variants was performed
in parallel, using WT lysozyme as a control sample.
BMG (5 mL) was inoculated from glycerol stocks of each
variant and incubated for 48 h (30 C, 230 r.p.m). The
samples were then centrifuged (5000 g, 4 C, 15 min) and
the supernatant discarded. The pellets were resuspended
in BMM (10 mL) and protein expression was induced for
72 h with 0.5% methanol being replenished every 24 h.
After 72 h, the OD600 of a 1 : 10 cell culture was deter-
mined for each sample. The samples were centrifuged
(5000 g, 4 C, 15 min) and in each case, the supernatant
was analysed for lysozyme activity. Because the speciﬁc
activity of the native protein differed for each variant
(ranging from 65 to 100% of WT), the quantity of lyso-
zyme produced was determined in each case by compar-
ing the rate of lysis to standard curves (0.2–0.9 mgÆL)1)
determined for each puriﬁed variant (25 C, pH 7.0). Pro-
tein concentrations are reported as values which take into
consideration the differences in cell culture growth
(OD600), and these values were further normalized with
respect to the WT lysozyme control within each data set
to allow comparison without day-to-day variations.
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SDS ⁄PAGE and western blotting
Cell pellets from the small scale expression (before and after
induction at time points between 5 and 96 h) for WT and
W64R lysozyme variants were suspended in 50 mm sodium
phosphate buffer (pH 7.4) containing 1 mm EDTA, 5%
glycerol and 1 mm phenylmethylsulfonyl ﬂuoride (PMSF)
(added fresh daily). The cells were lysed by vortexing the
samples in the presence of acid-washed glass beads (425–
600 microns) (Sigma-Aldrich). SDS ⁄PAGE analysis of these
samples, as well as the supernatants (after induction) of the
WT and W64R lysozyme variants and puriﬁed WT lyso-
zyme (control sample) was performed on 4–12% Bis-Tris
NuPAGE gels (Invitrogen) in Mes buffer under reducing
conditions. Transfer of the proteins from the SDS ⁄PAGE
gel onto polyvinylidene diﬂuoride membrane (0.45 lm pore
size) was performed in Tris-glycine buffer containing 20%
methanol and 0.01% SDS, using an XCell II Blot module
(Invitrogen) with a constant voltage (30 V, 1.5 h). The blot
was probed with an antilysozyme monoclonal camelid
serum fragment (cAb-HuL6) containing a His-tag [12] and
detected with an anti-His (C-terminal) serum conjugated to
alkaline phosphatase (Invitrogen). The blot was devel-
oped using a WesternbreezeTM Immunodetection kit (Invi-
trogen). Lysozyme was present in the control sample and
the WT supernatant; however, no evidence for lysozyme
was present for the cell lysates of both WT and W64R lyso-
zymes after both 5 and 96 h of induction. The same cell ly-
sate samples were analysed by the enzymatic activity assay
detailed by Lee and co-workers [45]. Activity was detected
in the supernatant and cell lysate samples for the WT vari-
ant at different time points, although the activity observed
in the WT cell lysate samples was very low (< 10% of the
activity that was observed in the supernatant). No activity
was observed in the supernatant or cell lysate samples of
the W64R variant.
Comparison of mRNA levels
The total RNA content of the P. pastoris strains containing
each lysozyme variant gene was isolated using a Qiagen
RNeasy Mini prep kit (Qiagen, Cologne, Germany), and
2 lg quantities were treated with DNase (Promega, Sou-
thampton, UK) following the manufacturer’s protocol. The
DNase-treated total RNA was separated into two equal
aliquots (1 lg total RNA). One aliquot was used for cDNA
synthesis of lysozyme and the other one for cDNA synthesis
of actin using Improm II reverse transcriptase (Promega).
PCR analysis of the cDNA samples was performed using
T7 Pfu turbo polymerase. The levels of DNA production
over the course of PCR analysis were monitored to deter-
mine the linear region of ampliﬁcation. Once determined,
lysozyme and actin cDNA ampliﬁcation was analysed in
parallel (cycles 22–26). The samples were separated on 2%
E-gels (Invitrogen), and the densities of the lysozyme and
actin bands were determined using Scion Image (Scion
Corp, Frederick, MD). The ratio of the density of lysozyme
to actin was determined for each variant for direct compar-
ison of their mRNA levels. All experiments were performed
in triplicate.
Thermal denaturation followed by CD
and fluorescence
Protein concentrations were determined by UV-spectrosco-
py as described previously [17]; for W64R, an estimated
extinction coefﬁcient of 30 920 m)1cm)1 was used, based on
its amino acid composition [46]. Thermal denaturation
studies were performed at pH 5.0 for direct comparison
with previous studies. For F57I and W64R, ANS denatura-
tion studies were performed at pH 6.0 in the presence of
NaCl to alleviate problems with protein solubility. Thermal
denaturation of the variants was monitored by far-UV CD
at 222 nm in a Jasco J-810 spectropolarimeter (JASCO
Ltd, Great Dunmow, UK). Samples were analysed using a
0.1 cm path-length cell with a protein concentration of
13.6 lm in 10 mm sodium citrate (pH 5.0). The temperature
was increased from 20 to 95 C at a rate of 0.5 CÆmin)1.
All experiments were performed in triplicate unless other-
wise stated. Ellipticity values were normalized to the frac-
tion of unfolded protein (Fu) using Fu ¼ (h ) hN) ⁄
(hU ) hN) where h¼ observed ellipticity, hN ¼ native ellip-
ticity and hU ¼ unfolded ellipticity. hN and hU were extra-
polated from pre- and post-transition baselines at the
relative temperature. Experimental data were ﬁtted with a
sigmoidal expression [47], using kaleidagraph (Synergy
Software, Reading, MA). Tm is deﬁned as the temperature
where the fraction of unfolded protein is 0.5. Thermal
denaturation monitored by ANS ﬂuorescence emission was
recorded on a Cary Eclipse spectroﬂuorimeter (Varian Ltd,
Oxford, UK) using excitation and emission wavelengths of
350 and 475 nm, respectively, with slit widths of 5 nm. The
temperature was increased from 20 to 95 C at a rate of
0.5 CÆmin)1. Unless stated, analysis was performed on
2.0 lm protein in 0.1 m sodium citrate (pH 5.0) and con-
taining 360 lm ANS. A control sample of ANS only
(360 lm) was performed and this was subtracted from all
samples to take into consideration the effects of tempera-
ture on ANS ﬂuorescence. Fluorescence was normalized
with respect to the I56T lysozyme emission spectrum.
Experimental data were ﬁtted with a Gaussian expression
using sigmaplot (Systat Software UK Ltd, London UK).
Tm ANS is deﬁned as the temperature where the ANS ﬂuor-
escence emission was at its maximum.
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